Introduction
Successful endodontic treatment depends on the clinician's ability to shape, clean, and fill the root canal system (RCS). Removal of vital and necrotic tissues, microorganisms, and their products from the RCS is one of the most important aspects of treatment (1, 2) . Knowledge of the RCS anatomy is required because routine preoperative radiography yields a two-dimensional image of this complex three-dimensional system and information provided by clinical observation is usually limited to the characteristics of the pulp chamber and canal entrances (3, 4) .
Despite their simple external anatomy, mandibular incisors have a complex internal morphology, and studies have reported varying anatomic features for this group of teeth (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Madeira and Hetem (5) used a tooth-clearing technique to study the root canal morphology of 1,179 mandibular incisors and reported that 11.5% of the teeth had two canals. Using the same technique, Vertucci (7) examined 300 mandibular anterior teeth and observed two canals in 27.5% of teeth. Kartal Advances in several new techniques have improved the outcomes and predictability of endodontic treatment, as these techniques assist clinicians in obtaining additional information on root canal morphology (15) . In dentistry, clinical microscopy has improved endodontic practice because it provides a better visual field and makes procedures easier and safer (16, 17) . In addition, clinical microscopy can reveal canal entrances that are difficult to identify during conventional clinical procedures (18) . This study compared the effectiveness of clinical observation, clinical microscopic observation, and tooth-clearing technique in determining the number of canals in mandibular incisors. Root canal ramifications were also analyzed.
Materials and Methods
The study specimens were 277 extracted human permanent mandibular incisors, which were investigated after obtaining the approval of the Ethics Committee of Federal University of Rio de Janeiro (CAAE 1405.0.000.239-08). The samples were stored in a 10% formaldehyde solution until required and washed in running water for 24 h to eliminate any remaining solution. Teeth with incomplete root formation, evidence of previous endodontic treatment, calcifications, or resorptions were excluded. The coronal length, root length, and total length of the teeth were measured on the mesial surface, using an electronic digital caliper with an accuracy of 0.001mm (United Precision Machine, Shenzhen, China).
An endodontic access cavity was prepared in all teeth with compensatory wear at the lingual surface. Samples were immersed in 5.25% sodium hypochlorite for 12 h to facilitate pulp tissue dissolution. The specimens were then submerged in an ultrasonic bath, rinsed in running tap water for 4 h, and dried. Two independent evaluators assessed the number of canal entrances through the pulp chamber, by means of clinical observation and clinical microscopy at 16× magnification (DF Vasconcelos, São Paulo, Brazil). A size 10 K-file (Dentsply, Ballaigues, Switzerland) was used to explore the canals identified and achieve patency.
After clinical and microscopic analysis, tooth-clearing technique was used to observe the internal anatomy of the teeth, according to the method of Barbosa et al. (19) with modifications. In brief, the teeth were decalcified by immersing them in a 5% hydrochloric acid solution for approximately 3 days at room temperature. The decalcifying solution was changed every 24 h and agitated for 10 s twice daily. Upon completion of the decalcifying process, the teeth were rinsed in running water for 12 h to eliminate any trace of the acidic substance. The teeth were then dehydrated in different grades of ethyl alcohol (75%, 85%, 96%, and 100%) by immersing them in each solution for 4 h. To reveal the RCS, a colorless gelatin was mixed with Indian ink, inserted in empty anesthetic tubes, and injected into the RCS with the aid of a needle and a carpule syringe. The teeth were then immersed in 100% alcohol for 4 h and dried. Last, the specimens were placed in methyl salicylate, which rendered them transparent after 3 h. The transparent specimens were examined by three previously calibrated and independent endodontists, who analyzed the number of canals and their ramifications.
Statistical analysis
The kappa coefficient (κ) was used to evaluate reliability among evaluators and to compare the different methods with regard to the number of canals identified. The chisquare test (χ 2 , P < 0.05) was used to assess correlations between the number of canals and frequency of ramifications.
Results
Reliability among evaluators was considered perfect (κ = 1.000 for all variables measured). The coronal, root, and total lengths of the teeth were 6.8 (±0.21), 14.9 (±0.48), and 21.6 (±0.69) mm, respectively. Table 1 summarizes the number of canals, as determined by each method. Most teeth had a single canal entrance, irrespective of method of analysis. However, the number of canals detected varied in relation to the method of analysis. Tooth-clearing analysis revealed a larger proportion of teeth with two canals (23.5%) than either clinical microscopic analysis (5.8%; κ = 0.333) or clinical analysis (1.1%; κ = 0.303). Tooth-clearing analysis revealed various ramifications, including lateral, intercanal, recurrent, reticular, and secondary canals, as well as apical deltas (Fig. 1) . Table 2 shows the frequency of the various ramifications in relation to the number of canals; 40.1% of teeth had some type of ramification, and teeth with two canals had a significantly higher number of ramifications than teeth with one canal (P < 0.05; χ 2 test). The most frequently observed ramifications were lateral canals (8.3%), reticular canals (6.9%), and intercanals (6.9%).
Discussion
This study compared the results of clinical observation, clinical microscopic observation, and tooth-clearing technique in characterizing the RCS anatomy of mandibular incisors. The findings indicate that the number of canals observed was influenced by the analytical method: tooth-clearing analysis was the most effective method for identifying teeth with two canals, followed by microscopic analysis and then clinical analysis.
Several methods are used to investigate root canal morphology, including root sectioning, modeling, radiographic examination, tooth-clearing technique, and CBCT and micro-CT imaging (3, 5, (20) (21) (22) (23) (24) . Micro-CT and tooth-clearing technique are considered the gold standards for such assessment (13, 23) . A recent study (23) compared the efficacy of four tomography methods with digital radiography and a modified tooth-clearing technique and concluded that only two tomography methods, CBCT and peripheral quantitative computed tomography (pQCT), were as accurate as canal staining and tooth-clearing technique in identifying root canal systems.
We did not attempt to subdivide the present sample into central and lateral incisors, as some previous studies found no significant difference in anatomy between these groups (5, 12, 20) . The present results showed an average total tooth length of 21.6 (±0.69) mm, which accords with the findings of a previous study (6) . Most teeth observed in this study were found to have a single canal entrance, irrespective of the method of analysis. These results are in agreement with those of previous studies (5, 7, 8, 10, 12, 14) , which reported the presence of a single canal in most teeth, as determined by tooth-clearing technique, modeling, and micro-CT and CBCT imaging.
In the present analysis, the number of teeth with two canals was higher for clinical microscopic analysis than for clinical analysis, perhaps because the bifurcation of the main canal in the middle third of most teeth with two canals was difficult to observe clinically. Thus, use of dental microscopy was required in order to provide the magnification and intense illumination needed to observe the second canal (16, 25) . However, even dental microscopy was not efficient in identifying all teeth with two canals, as the number of such teeth identified was substantially higher for tooth-clearing technique. Studies of the root canal morphology of mandibular incisors found that the frequency of teeth with two canals never exceeded that of teeth with one main canal (3, 5, 7, 8, 11, 26) . Using tooth-clearing technique, we identified two canals in 23.5% of teeth. Our results agree with those of previous studies (6, 7, 11, 12) , which identified two canals in 20-27.5% of the total sample. However, our results differ from those reported in some other studies (3, 5, 8, 10, 13) , which identified two main canals in 11.5%, 41.4%, 36.0%, 3.0%, and 40.0% of the sample. This discrepancy is probably related to differences in methodology, terminology, and study population.
Tooth-clearing analysis revealed various ramifications, including lateral, intercanal, recurrent, reticular, and secondary canals, as well as apical deltas. The most frequent ramification was lateral canals (8.3%), as was the case in a number of previous studies (6) (7) (8) (9) (10) (11) . The number of ramifications was significantly higher for teeth with two canals than for teeth with one canal, as was noted in a previous study (22) . These results suggest that RCS complexity is positively associated with the number of canals. In the present sample, 40.1% of teeth had some type of ramification, which is capable of hosting microorganisms and sustaining infection in the RCS (27, 28) . Because most ramifications are mechanically inaccessible, root canals must be abundantly irrigated with a solution that has antimicrobial properties and the ability to dissolve tissue remnants, such as sodium hypochlorite (29) .
In conclusion, the number of canals identified was related to the analytical method used: tooth-clearing analysis was the most effective method for identifying teeth with two canals, followed by microscopic analysis and then clinical analysis. Clinical microscopy improved identification of the second canal in mandibular incisors but did not identify the second canal in all teeth with two canals.
